Introduction
============

Studies of the interactions between tumour cells and the tumour stroma in regulating tumour metastasis have been the subject of intense investigations. Many types of cells, such as immune cells, endothelial progenitor cells and mesenchymal stromal cells (MSCs), are recruited to the stroma of developing tumours.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4]^ MSCs are pluripotent stem cells, and are well known for their ability to maintain tissue homeostasis and regenerate the damaged tissue by sensing signals released from the injured tissue.^[@bib5],\ [@bib6],\ [@bib7]^ These mechanisms also appear to operate in tumours, consistent with the concept that a tumour resembles a wound that does not heal.^[@bib8]^ Experimental evidence has shown that the direct effects of MSCs on tumour cells can enhance tumour metastasis.^[@bib9],\ [@bib10]^ Thus, the metastatic phenotype of tumour cells is not only dependent on autonomous changes in tumour cells,^[@bib11],\ [@bib12],\ [@bib13]^ but is also influenced by tumour stroma cells in tumour microenvironment. The complexity of MSCs in regulating different types of tumour development, such as breast cancer, was associated with their ability to secrete plentiful growth factors that support tumour growth and angiogenesis, as well as their role in moulding the tumour immune microenvironment by facilitating monocyte and macrophage infiltration, and suppressing anti-tumour T-cell activity.^[@bib14],\ [@bib15],\ [@bib16]^ However, the functions of MSCs in breast cancer metastasis have not been fully elucidated.

Investigations on MSCs within the stroma of breast cancer xenografts showed that MSCs can enhance the xenograft metastatic ability to the lungs and the bones. The contributions of MSCs to breast cancer metastasis are mostly mediated through their ability to produce a number of factors, such as CCL5, CXCL12, which in turn exert paracrine actions on breast cancer cells that resulted in their invasion and/or distant organ metastasis.^[@bib9]^ Among them, CXCL12 has been widely investigated in breast cancer metastasis.^[@bib17]^ Beside its role in supporting tumour growth and angiogenesis, CXCL12 was demonstrated to be important in helping select metastatic tumour cells for bone metastasis. More interestingly, breast cancer cells with high expression of CXCR4 and CXCR7, the chemokine receptors for CXCL12, are apt to migrate to the distant sites where CXCL12 is highly expressed.^[@bib18],\ [@bib19]^ Systemically blocking CXCR4 with specific antagonists can impair metastasis of breast tumour cells to the lung.^[@bib20]^ However, the role of CXCL12 produced by MSCs in tumour metastasis remains unclear.

It has been reported that CXCL12 produced by MSCs can be inhibited in presence of TGFβ, indicating that the potential role of TGFβ in regulating tumour metastasis may be mediated at least in part through MSCs.^[@bib21]^ Indeed, TGFβ that is highly produced by MSCs, tumour cells, as well as suppressive immune cells can facilitate tumour cell migration and invasion by the induction of the EMT process of tumour cells.^[@bib22]^ Classically, TGFβ binds to the type 2 TGFβ receptor (TGFBR2), causing the recruitment and phosphorylation of TGFBR1, and then activates the downstream signalling. Our previous study found that TGFβ promoted T-cell immune responses in the presence of MSCs through inhibiting inflammatory cytokine-induced inducible NO synthase (iNOS) expression in MSCs *in vitro*.^[@bib23]^ However, in tumour metastasis, the interplay of MSCs and TGFβ in regulating tumour metastasis has not been well studied.

In the current study, we found that the prometastatic effect of MSCs in breast cancer model was abolished when the TGFβ signalling pathway was blocked in MSCs, suggesting the pivotal roles of TGFβ-mediated regulation of MSCs on tumour metastasis. We found that TGFβ downregulated the expression of CXCL12, which restricted tumour metastasis. Double knock-down of the expression of TGFBR2 and CXCL12 in MSCs was shown to reverse the effect of TGFβ-unresponsive MSCs on tumour metastasis to the lung, providing the evidence of the role of TGFβ--CXCL12 axis in tumour metastasis. More importantly, this regulation of tumour metastasis by CXCL12 was related to its regulation of CXCR7 in 4T1 cells. Blocking of CXCR7 expression in 4T1 cells by shRNA inhibited breast cancer metastasis. Thus, our data demonstrated that CXCL12 produced by MSCs in the primary tumour site impedes breast cancer metastasis via inhibiting CXCR7 expression in 4T1 cells, however, TGFβ can diminish the restriction of MSC-produced CXCL12 on tumour cells. We also described that upregulation of TGFβ and CXCR7, and repression of CXCL12 are prominent features of aggressive clinical breast cancer, and we found that they are prognostic parameters for patient survival, indicative of their critical roles in breast cancer pathogenesis. Our study implicates a role for a TGFβ--CXCL12--CXCR7 regulatory network between MSCs and tumour cells in breast cancer metastasis.

Results
=======

Promotion of tumour metastasis by MSCs is dependent on TGFβ signalling
----------------------------------------------------------------------

MSCs recruited to tumours comprise a predominant, multifunctional cell type in the tumour microenvironment, modulating differentiation events in tumour cells, regulating immune responses and maintaining different stages of tumour development. These functions are dependent on their potential to produce various immunoregulatory factors, chemokines, growth factors, induced secondary to their stimulation by inflammatory cytokines.^[@bib15]^ Among these cytokines, TGFβ exhibits paradoxical effects on tumours, inhibiting tumour growth at the early benign stage, while promoting tumour progression in advanced stage via enhancing the EMT process.^[@bib24]^ TGFβ can be produced by tumour cells and suppressive immune cells, as well as MSCs. We previously demonstrated that ablating TGFβ signalling in MSCs resulted in enhanced T-cell activity,^[@bib23]^ however, the interactions between TGFβ and MSCs and their effects on tumour progression remains unclear. As described in our previous study, murine MSCs highly expressed the TGFβ receptor 2 (TGFBR2), a key membrane-bound receptor subunit for transmitting TGFβ signalling ([Figure 1a](#fig1){ref-type="fig"}). Once activated by TGFβ, phosphorylated SMAD3, a classical down-stream molecule of TGFβ pathway, could be observed in MSCs ([Figure 1b](#fig1){ref-type="fig"}). We further generated TGFβ unresponsive MSCs by transfecting MSCs with the plasmid encoding a dominant negative form of TGFBR2 (dn-TGFBR2) to abolish TGFβ signalling. Silencing TGFBR2 in MSCs resulted in loss of the phosphorylation of SMAD3 upon TGFβ treatment ([Figure 1b](#fig1){ref-type="fig"}). However, dn-TGFBR2 MSCs and dn-control MSCs showed similar morphology and comparable proliferation ability ([Supplementary Figures 1a and b](#sup1){ref-type="supplementary-material"}).

To further test the biological function of the interaction between TGFβ and MSCs in tumour progression, we injected 4T1 cells, a well-characterized murine metastatic breast cancer cell line, together with dn-control MSCs or dn-TGFBR2 MSCs into the fat pad of BALB/c mice. Compared with the control group with 4T1 cell injection alone, neither dn-control MSCs nor dn-TGFBR2 MSCs promoted growth of the primary tumour ([Figure 1c](#fig1){ref-type="fig"}; [Supplementary Figure 1c](#sup1){ref-type="supplementary-material"}). In contrast, dn-control MSCs markedly promoted the formation of lung metastases at day 28. Surprisingly, lung metastases were hardly detected in mice injected with dn-TGFBR2 MSCs and 4T1 cells ([Figures 1d and e](#fig1){ref-type="fig"}). The survival analysis showed that dn-TGFBR2 MSCs enhanced the survival of 4T1 tumour-bearing mice ([Figure 1f](#fig1){ref-type="fig"}). Considering the possibility that TGFβ promoted T-cell responses in the presence of MSCs, we studied the 4T1 tumour model with MSC co-injection in the non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice. Similar to the tumour model in immunocompetent mice, the primary tumour size showed no significant difference ([Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}). The promotion of lung metastasis by dn-control MSCs was abolished by silencing TGFBR2 in MSCs ([Figure 1g](#fig1){ref-type="fig"}; [Supplementary Figure 2b](#sup1){ref-type="supplementary-material"}), indicating that the effects of TGFβ and MSC interactions on tumour metastasis is independent of their modulation on T cells.

Because increased tumour cell colonization can be related to enhanced tumour metastasis, we further explored the possibility that the interaction between TGFβ and MSCs affected the localization of tumour cells in secondary organs with subsequent colonization.^[@bib25]^ To study this, 4T1 cells were co-injected intravenously with dn-control MSCs or dn-TGFBR2 MSCs into mice. Four weeks later, the lungs of these mice were analysed. We found that both dn-control MSCs and dn-TGFBR2 MSCs increased 4T1 cell colonization to the lung at comparable levels ([Figure 1h](#fig1){ref-type="fig"}), suggesting that the influence of TGFβ and MSC interactions on tumour metastasis focused on the early stages of the invasion and metastasis cascade.

TGFβ suppresses CXCL12 expression in MSCs
-----------------------------------------

Previous reports suggested that cytokines secreted by MSCs, such as VEGF, IL-6, CCL2, CCL5, promoted tumour growth and metastasis.^[@bib9],\ [@bib15],\ [@bib26]^ We wondered if TGFβ can modulate the expression of these key factors. Gene expression profiles of MSCs with or without TGFβ treatment were detected and analysed. Twenty-seven genes that were grouped to cytokine--cytokine receptor interaction pathway were significantly affected by TGFβ ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}). Among them, we chose CXCL12 ([Supplementary Figure 3a](#sup1){ref-type="supplementary-material"}) as a candidate because it was previously shown to correlate with tumour metastasis through providing a signal for tumour cells reaching the distant metastatic organ.^[@bib19]^ Indeed, CXCL12 was expressed at high levels in MSCs ([Figures 2a and b](#fig2){ref-type="fig"}). Interestingly, our chemokine qPCR-array data showed that the extremely high level of CXCL12 in MSCs was markedly downregulated in the presence of TGFβ ([Figure 2a](#fig2){ref-type="fig"}). TGFβ also suppressed CXCL12 expression at the protein level ([Supplementary Figure 3b](#sup1){ref-type="supplementary-material"}). Furthermore, TGFβ regulated CXCL12 expression in a dose-dependent manner ([Supplementary Figure 3c](#sup1){ref-type="supplementary-material"}). The TGFβ-induced suppression of CXCL12 at both the mRNA and protein levels could be reversed by SB431542, a specific inhibitor of the TGFβ receptor ([Figures 2c and d](#fig2){ref-type="fig"}). Consistently, TGFβ treatment had only a marginal effect on CXCL12 levels in dn-TGFBR2 MSCs ([Figure 2e](#fig2){ref-type="fig"}). In addition, all three TGFβ isoforms, TGFβ1, TGFβ2 and TGFβ3, inhibited CXCL12 production ([Supplementary Figure 3d](#sup1){ref-type="supplementary-material"}).

TGFβ, which is produced by tumour cells, MSCs, as well as immune cells, is a pleiotropic cytokine with plentiful expression in tumours, which regulates tumour progression.^[@bib22]^ Given the negative effects of TGFβ on CXCL12 expression in *in vitro* expanded MSCs, we further questioned if MSCs derived from tumours exhibit low levels of CXCL12. Compared with MSCs derived from bone marrow or lung, tissues that are potential target for metastatic tumour cell localization, 4T1 tumour-derived MSCs showed only low expression of CXCL12 mRNA ([Figure 3a](#fig3){ref-type="fig"}). Interestingly, high levels of CXCL12 mRNA in bone marrow-derived MSCs could be suppressed in presence of 4T1 tumour-cultured supernatants. Suppression of CXCL12 by tumour-cultured supernatants was reversed in presence of SB431542, indicating that TGFβ in tumour microenvironment is critical in regulating CXCL12 expression in MSCs ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}).

CXCL12 produced by MSCs suppresses breast cancer metastasis
-----------------------------------------------------------

To verify the role of the negative regulation of CXCL12 expression by TGFβ in tumour metastasis, we generated MSC cell lines with CXCL12 knockdown by lentivirus transfection in both dn-control MSCs and dn-TGFBR2 MSCs. These cells exhibited a significant reduction of CXCL12 mRNA and protein ([Supplementary Figure 5a](#sup1){ref-type="supplementary-material"}; [Figure 3b](#fig3){ref-type="fig"}). We inoculated 4T1 cells with different types of MSCs into the mouse fat pad. No difference in primary tumour size was observed ([Supplementary Figure 5b](#sup1){ref-type="supplementary-material"}). As described above, blocking TGFβ receptor function in MSCs suppressed the metastatic nodules in the lungs. Interestingly, in dn-TGFBR2 MSCs-injection groups, CXCL12 knockdown promoted tumour metastasis, showing a similar number of metastatic nodules in the lungs as dn-control MSCs ([Figures 3c and d](#fig3){ref-type="fig"}). This result suggests that dn-TGFBR2 MSCs regulate tumour metastasis in a CXCL12-dependent manner.

Many studies reported the critical role of CXCL12 in mediating breast cancer cell metastasis, including functions in preselecting the seed for bone metastasis or providing the chemokine gradient for tumour cell migrate to the distant organ with high levels of CXCL12.^[@bib27],\ [@bib28]^ The major function of CXCL12 in breast cancer metastasis to the lung was demonstrated by employing specific antagonists to block CXCR4, which is one of the key receptors for CXCL12.^[@bib20]^ However, no direct evidence has demonstrated the role of CXCL12 produced by MSCs in tumour metastasis. To achieve this, we generated a MSC cell line stably overexpressing CXCL12. We then inoculated 4T1 cells, together with MSCs continuously expressing CXCL12 into BALB/c mouse. There was no difference in primary tumour size ([Supplementary Figure 5c](#sup1){ref-type="supplementary-material"}). However, decreased tumour nodules in the lungs were observed in CXCL12-overexpressing MSC group compared with those of control MSCs group, implicating that CXCL12 expression restricts breast cancer cell metastasis to the lungs ([Figures 3e and f](#fig3){ref-type="fig"}). Together these data suggest that CXCL12 derived from MSCs acts as a negative regulator during breast cancer metastasis.

CXCL12 downregulates CXCR7 expression on tumour cells
-----------------------------------------------------

To further investigate the role of CXCL12 in negatively modulating the metastatic activity, we determined the expression of CXCL12 and its receptors, such as CXCR4 and CXCR7 in tumour cells. We found that the 4T1 cell line did not express CXCL12 and only marginally expressed CXCR4, the classical receptor of CXCL12 ([Figures 4a and b](#fig4){ref-type="fig"}). However, the 4T1 cell line expressed high levels of CXCR7 mRNA and protein ([Figures 4a and b](#fig4){ref-type="fig"}). CXCR7, also known as RDC1, is a novel defined chemokine receptor for both CXCL12 and CXCL11.^[@bib29]^ A series of studies have demonstrated that CXCR7 is important in tumour development via regulating tumour cell survival and adhesion.^[@bib29],\ [@bib30],\ [@bib31]^ Pretreatment of 4T1 cells with MSC-conditioned medium gradually impaired CXCR7 expression during culture process ([Figure 4c](#fig4){ref-type="fig"}). To determine whether the downregulation of CXCR7 in 4T1 cells depends on MSC-derived CXCL12, CXCL12 neutralizing antibody was added to the culture system of 4T1 and MSC-conditioned medium. We found that blocking CXCL12 function can reverse the suppressive effect on CXCR7 expression in 4T1 cells by MSC-cultured medium, suggesting that tumour cell metastasis in this system was predominantly regulated by the CXCL12/CXCR7 axis ([Figure 4d](#fig4){ref-type="fig"}).

We further examined whether CXCR7 expression on tumour cells has a dominant role in determining the tumour metastasis. Using lentivirus transfection system to deliver CXCR7 shRNA, we successfully silenced CXCR7 expression in 4T1 cells, seen as significantly suppressed CXCR7 expression at both the mRNA and protein levels, compared with that of 4T1 cells transfected with control shRNA ([Supplementary Figures 6a and b](#sup1){ref-type="supplementary-material"}). We implanted 4T1-control or 4T1-sh-CXCR7 cells into the mammary fat pad of female BALB/c mice. Consistent with their comparable *in vitro* proliferation rates (data not shown), the size of the primary tumour formed by these two cell populations was similar ([Figure 4e](#fig4){ref-type="fig"}). However, tumour metastatic nodules in the lungs were much lower in the 4T1-sh-CXCR7 group than in the 4T1-control group, suggesting that CXCR7 is critical in regulating tumour metastasis to the lungs ([Figure 4f](#fig4){ref-type="fig"}). Taken together, MSCs regulate breast cancer metastasis through forming a paracrine loop with tumour cells, resulting in modulating carcinoma cells to metastasize.

Regulation of the TGFβ--CXCL12--CXCR7 axis in MSCs and tumour cells can be observed in humans
---------------------------------------------------------------------------------------------

To correlate our data from animal experiments with human malignancy, we examined CXCL12 expression in human MSCs. We compared different tissue-derived MSCs and found that adipose-derived MSCs (ADSCs) and amniotic fluid-derived MSCs (AMSCs) had a relatively high level of CXCL12 expression compared with umbilical cord-derived MSCs (UCSCs) ([Figure 5a](#fig5){ref-type="fig"}). Similarly, treatment MSCs with TGFβ suppressed the expression of CXCL12 mRNA on both ADSCs and AMSCs, while the presence of SB431542, the TGFβ inhibitor, could reverse this effect ([Figures 5b and c](#fig5){ref-type="fig"}). These data demonstrate that the negative regulation of CXCL12 expression by TGFβ can be observed in human MSCs.

We further verified whether the regulation of CXCR7 by CXCL12 could be observed in human breast cancer cells. We analysed the expression of CXCL12 in a panel of human mammary carcinoma cell lines, including highly aggressive cells such as MDA-MB-231 and MDA-MB-435, less aggressive cells such as MCF10AT, MCF7 and T-47D. We found that most of the cell lines did not or only minimally expressed CXCL12 ([Supplementary Figure 7a](#sup1){ref-type="supplementary-material"}; [Figure 5d](#fig5){ref-type="fig"}). In these cell lines, MCF7 cells showed high expression of CXCR7 but only minimal expression of CXCR4 ([Supplementary Figure 7b](#sup1){ref-type="supplementary-material"}; [Figure 5d](#fig5){ref-type="fig"}). Consistent with results in mouse 4T1 cells, ADSC-specific medium could inhibit the expression of CXCR7 in MCF7 cells. In addition, recombinant human CXCL12 could suppress CXCR7 expression on MCF7 cells ([Figure 5e](#fig5){ref-type="fig"}). Therefore, CXCL12 regulates CXCR7 expression in human breast cancer cells.

CXCL12 and CXCR7 expressions are correlated with poor prognosis of breast cancer in clinical samples
----------------------------------------------------------------------------------------------------

To extend these findings to a clinical context, we tested the hypothesis that the level of TGFβ, CXCL12 and CXCR7 expression in breast tumours could contribute to the clinical outcome. Expression of these three genes was measured in 33 breast cancer patients using quantitative reverse transcription PCR (qRT-PCR). mRNA expression of TGFβ in tumours was higher than that of paired normal tissues, while CXCL12 mRNA expression in tumours was markedly lower level than the paired normals ([Figure 6a](#fig6){ref-type="fig"}). Segregating breast tumours into two groups based on high or low expression of CXCL12 (median levels), we found that the expression of both TGFβ and CXCR7 was significantly decreased in the CXCL12 high group as compared with the CXCL12 low group, indicating that there is a negative correlation between TGFβ, CXCR7 and CXCL12 expression in breast cancer ([Figure 6b](#fig6){ref-type="fig"}).

We also used a second approach to analyse potential clinical implications of the CXCL12--CXCR7 axis that we have identified. We used an online database of potential breast cancer biomarkers (<http://www.kmplot.com>) to assess the prognostic implications of CXCL12 and CXCR7 expression in breast cancer patients. Patients whose tumours expressed lower levels of CXCL12 exhibited poor relapse-free survival and distant metastasis-free survival ([Figures 6c and d](#fig6){ref-type="fig"}). Expression of high levels of CXCR7 was also correlated with poor relapse-free, and distant metastasis-free survival ([Figures 6e and f](#fig6){ref-type="fig"}). These results indicate that changes of CXCL12 and CXCR7 are significant indicators for the aggressive breast cancer.

Discussion
==========

Many studies have demonstrated that MSCs are critical in supporting and maintaining the metastatic capability of tumour cells. These studies have utilized multiple different approaches, such as reconstitution of tumour extracellular matrix structures and exchanging the signals with tumour cells. Yet, the potential mechanism needs to be further studied. Our study showed that TGFβ signalling has a dominant role in MSC-mediated promotion on breast cancer lung metastasis. The action of TGFβ on MSCs decreased CXCL12 production, which modulated the sequential CXCR7 expression on breast cancer cells and their metastasis ([Figure 7](#fig7){ref-type="fig"}).

A paracrine loop was formed between MSCs and tumour cells, resulting in tumour cell invasion and metastasis. MSCs resident in the tumour lead to the recruitment of inflammatory cells, such as T cells, monocytes, that contribute to the intravasation process of tumour metastasis.^[@bib15]^ We found that blocking TGFβ signalling in MSCs can inhibit 4T1 cell metastasis to the lungs. Although our previous study reported that MSCs with deficiency in TGFβ signalling resulted in the enhanced T-cell responses under IFNγ and TNFα stimulation,^[@bib23]^ immunoregulation was dispensable in the suppression of tumour metastasis by TGFβ-unresponsive MSCs. The promotion of tumour metastasis by the action of TGFβ on MSCs was associated with the reduction of CXCL12, as TGFβ-unresponsive MSCs with CXCL12 suppression regained the ability to promote 4T1 cell metastasis to the lungs. This was consistent with previous results that TGFβ regulated CXCL12 expression on MSCs and subsequently influenced bone marrow cell migration and adhesion *in vitr*o.^[@bib21]^ We need further studies to discover the underlying mechanism. It has been reported that TGFβ mediated its inhibitory effect on CXCL12 by upregulation of miR-23a.^[@bib32]^ In addition, the regulation of CXCL12 by TGFβ could involve in an epigenetic mechanism, as previous study has shown that breast cancer cells were hypermethylated in their CXCL12 promoter region.^[@bib33]^ We also found that promoters of multiple chemokines were hypermethylated in tumour-derived MSCs, compared with that of bone marrow MSCs (data not shown).

Previous studies have shown that CXCL12 promoted tumour cell survival, proliferation, angiogenesis, migration through the CXCL12--CXCR4 signalling pathway, and even recruitment of bone marrow cells to the tumour microenvironment.^[@bib17],\ [@bib34],\ [@bib35]^ Despite others have shown that blocking CXCL12--CXCR4 axis with CXCR4 antagonist could inhibit breast cancer bone metastasis, our study discovered that CXCL12 produced by local MSCs did restrict the metastasis of breast cancer cells to the lung. We found that CXCL12 was the key factor related to the role of TGFβ regulating MSCs on breast cancer metastasis to the lungs. In this process, the level of CXCL12 in MSCs showed a negative correlation with breast cancer cell metastasis. That is, high level of CXCL12 impeded tumour cell metastasis to the lung, whereas low level of CXCL12 regulated by TGFβ facilitated the metastasis. Indeed, MSCs, especially bone marrow-derived cells, expressed high level of CXCL12. However, tumour-derived MSCs marginally expressed. This can be due to the abundance of TGFβ in tumour microenvironment, which has the potential to downregulate CXCL12 expression in tumour-derived MSCs and promote tumour metastasis. Consistent with the result that induced CXCL12 expression in breast cancer cells lead to suppression on tumour metastasis, CXCL12-overexpressed MSCs cannot induce the significant metastatic modes in the lungs, indicating that CXCL12 functioned as an inhibitor of tumour metastasis. Detail analysis on the breast cancer patients showed that CXCL12 was closely associated with a better prognosis of breast cancer. These results suggest that the change of CXCL12 in tumour microenvironment could decide the event of tumour metastasis.

It is generally believed that CXCL12 mediates multiple biological processes via a single cell surface receptor known as chemokine receptor 4 (CXCR4). However, recently an orphan receptor CXCR7 (RDC1) was found to bind with high affinity to CXCL12 and CXCL11. Membrane-associated CXCR7 is expressed on multiple types of tumours, such as breast cancer, colon cancer and hepatocellular carcinoma.^[@bib29],\ [@bib30],\ [@bib31]^ Activation by its ligand provides tumour cells with a growth and survival advantage, and increases their adhesion properties. It has been reported that CXCR7 inhibition with small molecule antagonist or RNA interference hinders tumour growth and metastasis in animal models of breast cancer.^[@bib30]^ Our work found that CXCL12 secreted by MSCs reduced the expression of CXCR7 on the surface of tumour cells. Knockdown of CXCR7 on tumour cells indeed impeded tumour metastasis. In addition, we found that long-term CXCL12 treatment did not decrease mRNA levels of CXCR7 significantly, indicating that the downregulation of CXCR7 expression by CXCL12 could not happen in gene transcription level (data not shown). A previous study on T cells demonstrated that CXCL12 can induce the internalization of CXCR7 in a dose-dependent manner.^[@bib36]^ In future studies, we will test the possibility that CXCL12 treatment leads to the internalization of CXCR7 on tumour cells with the resultant inhibition of tumour metastasis. Apart from tumour cells, the regulatory effect of CXCL12 on CXCR7 in other types of cells needs further investigation. Recently, CXCR7 deletion in endothelial cells was reported to promote breast cancer metastasis,^[@bib37]^ which suggests that MSCs may regulate tumour development through multiple ways.

In conclusion, MSCs are central regulators of tumour metastasis. In response to TGFβ in the tumour microenvironment, they produce less CXCL12, leading to the high levels of CXCR7 in tumour cells and increased tumour metastasis to the lung. This study has provided a distinct mechanism to explain the clinical correlation between reduced expression of CXCL12, increased expression of TGFβ and CXCR7, and poor metastasis-free survival of breast cancer patients.

Materials and methods
=====================

Mice
----

BALB/c and NOD-SCID mice were purchased from the Shanghai Laboratory Animal Center of Chinese Academy of Sciences, Shanghai, China, and maintained under specific pathogen-free conditions. Mice were maintained in the vivarium of Shanghai Jiao Tong University School of Medicine. Animals were matched for age and gender in each experiment. The animal protocols for the experiments described in this paper were approved by the Institutional Animal Care and Use Committee of the Institute of Health Sciences, Shanghai Institutes for Biological Sciences of Chinese Academy of Sciences.

Cells
-----

Mouse MSCs were generated from tibia and femur bone marrow or by isolation from lung and tumour digested with type II collagenase (Sigma-Aldrich, St Louis, MO, USA) using 6--10-week-old mice. Cells were cultured in DMEM supplemented with 10% FBS, 2 mM glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin (all from Invitrogen, Carlsbad, CA, USA). Cells were used before 20th passage. Human-derived MSCs, which were isolated from adipose tissue, umbilical cord and amniotic fluid, were used from 6th to 15th passages. Identification of MSCs (both mouse and human) was detected by their capability to differentiate into adipocytes, osteoblasts and chondrocytes, and by their expression of specific cell surface markers.

Plasmids and lentivirus particles
---------------------------------

The sequence of dn-TGFBR2 was amplified from the genomic DNA of TGFβ receptor 2-dn transgenic mice and inserted into pLVX-IRES-zsGreen vector. CXCL12 sequence was cloned and inserted into pLVX-IRES-zsGreen vector. CXCL12-specific (sh-CXCL12), CXCR7-specific (sh-CXCR7) and control (sh-control) short hairpin RNA (shRNA) lentivirus particles were prepared by GenePharma (Shanghai, China, <http://www.genepharma.com/>).

Reagents
--------

Recombinant human TGFβ, CXCL12, anti-mouse TGFBR2-PE, anti-mouse CXCL12-APC, anti-mouse/human CXCR7-APC were purchased from R&D Systems (Minneapolis, MN, USA). Mouse p-SMAD3, SMAD3 and GAPDH monoclonal antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). Mouse CXCL12 polyclonal antibody, anti-mouse CXCR4-APC, mouse CXCL12 ELISA-kit and TGFβ ELISA-kit were from eBiosciences (La Jolla, CA, USA). Bouin\'s solution and SB431542 were from Sigma-Aldrich.

Animal studies
--------------

MSCs (2 × 10^5^) were co-injected with 4T1 tumour cells (4 × 10^5^) into BALB/c mice in the intramammary gland fat pad. At various time points, primary tumour sizes were measured and the immune cell frequency in tumours or peripheral blood was analysed by flow cytometry. At day 28 after tumour cell inoculation, the resultant tumours were excised and weighed. Tumour nodules on the lung were counted and showed by H&E staining.

Real-time PCR
-------------

Total RNA was isolated using RNAprep pure Cell/Bacteria Kit (Tiangen Biotech, Beijing, China), and reverse-transcribed into cDNA was performed using 1st cDNA Synthesization Kit with oligo(dT)~15~ (Tiangen Biotech, Beijing, China). Gene probes were used with SYBR Green Master Mix (Roche Diagnostics, Indianapolis, IN, USA) and a 7900HT Fast Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). Total amount of mRNA was normalized to endogenous β-actin mRNA. Sequences of primer pairs were listed in [Supplementary Table 2](#sup1){ref-type="supplementary-material"}.

Flow cytometry analysis
-----------------------

Cells surface markers and intracellular cytokines were stained according to the R&D flow cytometry protocol. Briefly, cells were first collected and washed with PBS. For surface staining of CXCR4, CXCR7, cells were resuspended in PBS containing 0.5% BSA and were incubated on ice for 30 min with fluorochrome-conjugated antibodies. For intracellular staining of CXCL12, after permeabilization, cells were stained with fluorochrome-conjugated antibodies and analyzed on a FACS Calibur (Becton Dickinson, SanJose, CA, USA, <http://www.bd.com>) according to the manufacturer\'s instruction. FCS Express software was used for data analysis.

Western blots
-------------

To analyse protein expression, cells were washed with PBS. The cell pellet was resuspended in lysis buffer. After extracting total protein, immunoblotting was performed as follows. Briefly, protein in SDS sample buffer was heated at 95 °C for 10 min, separated on a gradient SDS--polyacrylamide gels and transferred onto a PVDF membrane. After blocking with 5% nonfat milk in TBS with 0.1% (w/v) Tween-20 for 1 h at room temperature, western blotting was performed with the following primary antibodies: anti-p-SMAD3, anti-SMAD3, anti-CXCL12 or anti-GAPDH. After incubation overnight with primary antibodies at 4 °C, membranes were incubated with a HRP-conjugated secondary antibody. The blot was subjected to chemiluminescent detection according to the manufacturer\'s instructions.

Clinical samples
----------------

The tumour specimens from breast cancer patients in this study were obtained from the Tumour Center at the Shanghai Institute of Health Sciences. All individuals provided informed consent. The study was approved by the Institutional Biomedical Research Ethics Committee of the Shanghai Institutes for Biological Sciences (Chinese Academy of Sciences).

Statistical analysis
--------------------

For statistical analysis, mean values with standard error of measurement (s.e.m.) were presented in most graphs that were derived from several repeats of biological experiments. Statistical significance was assessed by unpaired two-tailed Student\'s *t*-test. The Kaplan--Meier method was used to estimate the survival curves for the patient. For animal survival analysis, log-rank (Mantel--Cox) test was used.

This study was supported by grants from the Programs of National Natural Science of China (81330046, 81273316, 81571612, 81530043), the Scientific Innovation Project of the Chinese Academy of Science (XDA 01040100), the Ministry of Science and Technology of China (2015CB964400), the External Cooperation Program of BIC, Chinese Academy of Sciences (GJHZ201307), Shanghai Rising-Star Program (14QA1404200) and the Youth Innovation Promotion Association, Chinese Academy of Sciences.

MSCs

:   mesenchymal stromal cells

TGFβ

:   transforming growth factor-β

dn-TGFBR2

:   dominant negative form of TGFβ receptor 2.
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![MSCs promote 4T1 breast cancer metastasis in a TGFβ-dependent manner. (**a**) TGFBR2 expression on MSCs was analysed by flow cytometry. Isotype control and TGFBR2 were labelled grey or red colours, respectively. (**b**) MSCs were transfected with control vector (dn-control MSC) or TGFBR2dn plasmid (dn-TGFBR2 MSC). Cells were treated with or without TGFβ for 30 min and assayed for SMAD3 and p-SMAD3 expression by western blot analysis. GAPDH was used as a loading control. (**c**--**e**) 4T1 breast cancer cells (4 × 10^5^) were co-injected with dn-control or dn-TGFBR2 MSCs (2 × 10^5^) into fat pad of BALB/c mice; control group received 4T1 cells alone (*n*=6 each). Tumours were excised and weighed after 4 weeks (**c**); metastatic nodules in the lungs were quantified (**d**) and shown by whole-lung images (stained by Bouin\'s solution); and H&E staining (scale bars, 500 μm) (**e**). (**f**) The survival curve of tumour bearing mice. BALB/c mice received 4T1 cells alone or together with MSCs as described in (**c**). (**g**) 4T1 breast cancer cells (4 × 10^5^) were co-injected with different kinds of MSCs (2 × 10^5^) into fat pad of NOD/SCID mice; control group received 4T1 cells alone (*n*=5 each). Four weeks later, metastatic nodules on the lung were quantified. (**h**) 4T1 breast cancer cells (1 × 10^5^) were intravenously injected to BALB/c mice with or without dn-control or dn-TGFBR2 MSCs (5 × 10^4^). Three weeks later, metastatic nodules on the lung were quantified. Data were shown as means±s.e.m. NS, no significance.](onc2016252f1){#fig1}

![TGFβ downregulates CXCL12 expression in MSCs. (**a**) Chemokine expression profile of MSCs in the presence of TGFβ. MSCs were stimulated with TGFβ (10 ng/ml) for 12 h and assayed for mRNA expression of chemokines. (**b**) CXCL12 expression in MSCs was determined by ELISA and flow cytometry. CM, conditioned medium. (**c**, **d**) TGFβ suppresses CXCL12 expression in MSCs. MSCs were stimulated with TGFβ (10 ng/ml) for 12 h. SB431542 (10 μM), a TGFβ receptor antagonist, was used to block TGFβ signal. CXCL12 expression at both mRNA and protein levels was assayed by real-time PCR (**c**) and flow cytometry (**d**), respectively. (**e**) Blocking TGFβ receptor reverses the TGFβ-induced suppression of CXCL12 in MSCs. Dn-control or dn-TGFBR2 MSCs were stimulated with TGFβ (10 ng/ml) for 12 h, in presence of SB431542 (10 μM). CXCL12 mRNA expression was determined with real-time PCR.](onc2016252f2){#fig2}

![CXCL12 produced by MSCs restricts breast cancer metastasis. (**a**) Tumour, bone marrow, or lung derived-MSCs were isolated from 4T1 tumour-bearing BALB/c mice (*n*=4) and were cultured *in vitro* for 5 d. Cells were assayed for CXCL12 expression by real-time PCR. (**b**) MSCs were transduced with lentivirus carrying CXCL12 shRNA. Knock down efficiency was determined by flow cytometry. (**c**, **d**) Effect of CXCL12 knockdown in TGFβ-unresponsive MSCs on breast cancer metastasis on the lungs. Dn-control MSCs or dn-TGFBR2 MSCs were transduced with shRNA CXCL12-containing lentivirus (sh-CXCL12). MSCs (2 × 10^5^) were co-injected with 4T1 breast cancer cells (4 × 10^5^) into fat pad of BALB/c mice; control group received 4T1 cells alone (*n*=7 each). Four weeks later, metastatic nodules on the lung were examined by H&E staining (scale bars, 700 μm) (**c**) and quantification (**d**). (**e**, **f**) Overexpressing of CXCL12 in MSCs restricts breast cancer metastasis to the lungs. MSCs were transduced with lentivirus carrying the gene encoding CXCL12. 4T1 breast cancer cells (4 × 10^5^) were co-injected with control or CXCL12-overexpression MSCs (2 × 10^5^) into fat pad of BALB/c mice (*n*=7 each). Four weeks later, metastatic nodules in the lung were counted (**e**). Metastatic nodules in the lung were shown by whole-lung images (stained by Bouin\'s solution) (**f**). Data are shown as means±s.e.m. NS, no significance.](onc2016252f3){#fig3}

![CXCL12 downregulates CXCR7 expression on tumour cells. (**a**, **b**) The expression of CXCR4 and CXCR7 in cultured 4T1 tumour cells was analysed by real-time PCR (**a**) and flow cytometry (**b**), respectively. (**c**) 4T1 cells were treated with MSC-conditioned medium for the indicated times. CXCR7 expression on 4T1 cells was analysed by flow cytometry. (**d**) 4T1 cells were treated with MSC-conditioned medium for 3 d in presence of CXCL12 neutralizing antibody. CXCR7 expression on tumour cells was analysed by flow cytometry. (**e**, **f**) Knockdown of CXCR7 in 4T1 cells results in suppressed breast cancer metastasis on the lungs. 4T1 breast cancer cells were transfected with shRNA targeting CXCR7 or with a non-targeting shRNA control, then cells (8 × 10^5^) were injected into fat pad of BALB/c mice. Primary tumours were excised after 4 weeks and weighed (**e**). Metastatic nodules in the lung were counted (**f**). Data were shown as means±s.e.m. NS, no significance.](onc2016252f4){#fig4}

![Regulation of the TGFβ--CXCL12--CXCR7 axis in MSCs and tumour cells can be observed in human cells. (**a**) CXCL12 expression in different tissue-derived human MSCs was analysed by real-time PCR. ADSC, adipose-derived MSC; AMSC, amniotic fluid-derived MSC; BMSC, bone marrow-derived MSC; UCSC, umbilical cord-derived MSC. (**b**, **c**) TGFβ inhibits CXCL12 expression in human MSCs. Cultured human ADSCs (**b**) and AMSCs (**c**) were stimulated with TGFβ (10 ng/ml) for 12 h. SB431542 (10 μM) was added to block the TGFβ receptor. CXCL12 expression was assayed by real-time PCR. Data were shown as means±s.e.m. (**d**) The expression of CXCR4, CXCR7 and CXCL12 in cultured MCF7 cells was analysed by real-time PCR. (**e**) MCF7 cells were treated with ADSC-conditioned medium or recombinant human CXCL12 protein (20 ng/ml) for 2 days. Cells were analysed for CXCR7 expression by flow cytometry.](onc2016252f5){#fig5}

![Decreased CXCL12 and elevated CXCR7 are correlated with poor prognosis in clinical breast cancer. (**a**) The mRNA levels of CXCL12 and TGFβ in tumour samples were analysed in 33 breast cancer patients. N, normal tissue; T, tumour tissue. (**b**) The mRNA expression levels of TGFβ and CXCR7 were compared between CXCL12 low (L, *n*=17) and CXCL12 high (H, *n*=16) groups, which were divided according to the median of CXCL12 in the patients. (**c**, **d**) Relapse free survival (**c**) and distant metastasis free survival (**d**) of breast cancer patients with high- or low-CXCL12 (Affymetrix ID: 209687_at) expression. Hazard ratios (HR) and *P*-values (log rank *P*) are depicted for each survival analysis. Kaplan--Meier survival data were generated using the publicly online tool KM-plotter. (**e**, **f**) Relapse free survival (**e**) and distant metastasis-free survival (**f**) of breast cancer patients with high- or low-CXCR7 (Affymetrix ID: 212977_at) expression. Hazard ratios (HR) and *P*-values (log rank *P*) are depicted for each survival analysis. Kaplan--Meier survival data were generated using the publicly online tool KM-plotter.](onc2016252f6){#fig6}

![Mechanisms for enhanced tumour metastasis through TGFβ--CXCL12--CXCR7 axis. CXCR7 expressed on breast cancer cells is important for tumour metastasis. MSCs-derived CXCL12 results in decreased expression of CXCR7 in tumour cells, and inhibition of tumour metastasis. However, abundant TGFβ in the tumour microenvironment efficiently inhibits CXCL12 expression in MSCs. Therefore, TGFβ blocks CXCR7 reduction by MSCs and promotes subsequent metastasis.](onc2016252f7){#fig7}
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